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Abstract 
A reliable modeling of the long-term dissolution of HLW glass requires sufficient evaluation of the glass dissolution kinetics 
including a sound understandings of reaction mechanism.   For the evaluation of glass dissolution kinetics, we need much more 
data on the glass dissolution rate measured precisely, consistently and systematically under various well-constrained test 
conditions.  The current standard test methods, unfortunately, cannot provide enough data for the kinetic evaluation.  Therefore, 
we should improve or develop the test methods to provide precise and consitent data for the kinetic evaluation. In the present 
paper, therefore, major standard test methods currently applied to the measurement of  glass dissolution are summarized with 
their advantages and disadvantages, and some newly developed test methods are introduced.   In addition, problems to be solved 
are discussed to advance the kinetic evaluation. 
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1. Introduction 
In several nations including Belgium, France, Germany, the UK, the USA and Japan, high-level nuclear waste 
(HLW) generated from reprocessing of spent nuclear fuel is immobilized into a stable borosilicate glass waste form 
(HLW glass) for safe handling, storage, and final disposal in deep geological formations.  During the disposal 
period of the glass for more than several tens of thousand years, aqueous dissolution or corrosion by contact with 
groundwater is the most probable process by which radionuclides are released from the glass.  For safety 
assessment of the disposal, therefore, a reliable modeling of long-term glass dissolution is required on the basis of a 
sufficient evaluation of the glass dissolution kinetics including sound understandings of reaction mechanisms (Gin 
et al. 2013).   
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The evaluation of the dissolution kinetics is also required for parameterization of a mechanistic model used in 
the safety assessment to determine the rate of glass dissolution or radionuclide release as a function of key 
environmental variables such as the water composition, pH, water flow rate, temperature, time, and so on.  For the 
last few decades a large number of studies have been performed to advance understandings of the glass dissolution 
processes, however, there remain some uncertainties in the kinetics controlling the long-term glass dissolution 
under the actual or potential repository conditions. 
For the evaluation of glass dissolution kinetics, we need much more information from both experimental studies 
and calculation studies.  With regard to the experimental studies, we need much more data on the glass dissolution 
rate measured precisely, consistently and systematically under various well-constrained test conditions.  A large 
number of dissolution tests have been performed over the last few decades, however, only a few data  exist to the 
kinetic evaluation, because of difficulties in the measurement.  With respect to pH dependence of the glass 
dissolution rate, for example, the number of available data with preciseness and consistency is very few, because 
the test conditions, such as the solution composition, pH, and the glass surface area, change easily during the test 
period as a consequence of the nature of the current standard test methods.  For a further evaluation of the 
dissolution kinetics, therefore, we should improve or develop the test method to measure the glass dissolution rate 
precisely, consistently and systematically under various well-constrained test conditions.  In the present paper, 
therefore, major standard test methods currently applied to measurement of the glass dissolution are summarized 
with their advantages and disadvantages, and problems to be solved are discussed to advance the kinetic evaluation. 
2. Standard test methods 
At early stage of HLW glass studies up to 1980, no international standard test methods existed to evaluate 
aqueous dissolution behavior.  Therefore, each test was performed by a different method, and direct comparison of 
test results between glass and/or data was difficult.  A series of MCC test methods designed by the Materials 
Characterization Center (MCC 1981) was the first standard test methods to evaluate the chemical durability of 
HLW glass.  Concerning the glass dissolution tests, the series of MCC gives five different test methods with a 
different purpose.  MCC-1 gives a static leach test method to distinguish differences in the leaching behavior of 
candidate glasses, where the test conditions are defined to use monolithic specimens, three reference leachants 
(pure water, silicate/bicarbonate and brine) with the constant S/V (glass surface area to solution volume) ratio of 
0.0100 ± 0.0005 mm-1 and three reference temperatures of 40°, 70° and 90°C.  MCC-2 gives a static and high-
temperature leach test method at three reference temperatures of 110°, 150° and 190°C, and the other test 
conditions are defined to follow MCC-1.  MCC-3 gives an agitated leach test method with a powdered specimen to 
determine the maximum concentration of elements in solution dissolved from the glass under steady-state 
conditions in closed systems, where the test conditions are defined to use powdered specimens with particle sizes of 
<44 Pm or 149 to 74 Pm, the three reference leachants and reference temperatures of 40°, 90°, 110°, 150° and 
190°C with rolling the leachant containers at 10-14 cycles/min.  The schematics of MCC-3 test method are shown 
in Fig.1.  MCC-4 gives a low-flow-rate leach test method to determine the leach rate of the glass as a function of 
leachant flow rate and temperature, where the test conditions are defined to use monolithic specimens, the three 
reference leachants, three reference temperatures of 40°, 70° and 90°C and three reference flow rates of 0.1, 0.01 
and 0.001 ml/min.  The schematics of MCC-4 test method are shown in Fig.2.  MCC-5 gives a Soxhlet leach test 
method to rapidly distinguish differences in the leaching behavior of candidate glasses, where the test conditions 
are defined to use monolithic specimens and redistilled water at the boiling point of water under ambient pressure.   
The MCC test methods have been of great use to provide a lot of useful information on glass dissolution, and they 
also have been applied to measurement of the glass dissolution rate for kinetic evaluation.  However, the data  
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Fig.1. Schematics of MCC-3 test method (MCC 1981). 
 
 
 
 
 
 
 
 
 
Fig.2. Schematics of MCC-4 test method (MCC 1981). 
 
obtained by using these methods cannot be available directly for the kinetic evaluation, because the test conditions, 
such as the solution composition, pH, and the glass surface area, usually change during the test period, or the data 
usually contains a relatively large error, as a consequence of the nature of these methods.  With respect to pH 
dependence of the glass dissolution rate, for example, MCC-1, 2, 3 are not applicable to a consistent measurement, 
because the pH and solution composition change during the test period against the expectations.  MCC-4 is also not 
applicable to a precise measurement, because a low S/V ratio causes a relatively large error in determination of the 
glass dissolution rate, i.e., these methods were originally designed for the durability evaluation but not for the 
kinetic evaluation. 
Other standard test methods, such as Product Consistency Test (PCT) (ASTM 1994) and Vapor Hydration Test 
(VHT) (PNNL 1999) have been developed and applied to the measurement to provide a lot of useful information on 
the glass dissolution, however, the data obtained by using these methods cannot be available directly to the kinetic 
evaluation as well as the series of MCC. 
3. Test methods for kinetic evaluation 
3.1. Single pass flow-through (SPFT) method 
Several test methods have been developed and applied to measure the glass dissolution rate for the last few 
decades, and these test methods can be categorized into two types, i.e., “static method” and “flow-through method”.  
Although both types have been applied to the kinetic evaluation measurement, the flow-through method is more 
adequate, e.g., measurement of the dissolution rate as a function of the key environmental variables such as the 
solution composition and pH, since the flow-through method can easily provide any constant solution condition 
over the test duration.  Single Pass Flow-Through (SPFT) test method was the first flow-through method designed 
for evaluation of the glass dissolution kinetics (McGrail and Olson 1992, McGrail and Peeler 1995).  Schematics of 
the SPFT method are shown in Fig.3 where a fresh input solution is continuously supplied to the reaction cell 
containing glass specimen, and the output solution is retrieved at certain intervals to be analyzed for determination 
of the dissolution rate of each glass constituent element at each sampling. The SPFT method has been applied to 
measure the glass dissolution rate as a function of environmental variables to provide a lot of useful information on 
175 Yaohiro Inagaki /  Procedia Materials Science  7 ( 2014 )  172 – 178 
glass dissolution kinetics.  In an aspect of preciseness and consistency, however, the data obtained by using SPFT 
method can contain some uncertainties in certain conditions.   
 
 
 
 
 
 
 
 
 
 
Fig.3. Schematics of Single pass flow-through (SPFT) test method (McGrail and Olson 1992). 
 
In the SPFT method, the powdered glass specimen packed in a reaction cell is usually used in order to provide a 
large glass surface area leading to a quick increase in solution concentrations of dissolved glass constituent 
elements for precise solution analysis.  The use of powdered glass specimen, on the other hand, causes a difficulty 
in accurate determination of the glass surface area, because the surface area actually reacting with solution 
sometimes differs from that measured by use of BET method for finely powdered specimen.  In addition, the 
progress of dissolution for powdered glass specimen causes a certain decrease in the surface area during the test 
period.  Since the glass dissolution rate is usually defined with a unit of [g/m2/d], an error in determination of the 
surface area causes directly an error in determination of the glass dissolution rate.  The use of powdered glass 
specimen also causes difficulty in total quantitative analysis of the reacted glass surface to be compared with 
solution analysis for confirming consistency, such as the glass dissolution depth from the initial surface and 
elemental distribution profile on/in the surface layer.  Consequently, the glass dissolution rate measured by using 
SPFT method can contain some uncertainties in an aspect of preciseness and consistency. 
3.2. Micro-channel flow-through (MCFT) method 
Recently a new type of flow-through test method using micro-channel reactor, named “Micro-channel flow-
through (MCFT) method”, has been developed and applied to the precise and consistent measurement of the glass 
dissolution rate (Inagaki et al. 2012, Inagaki et al. 2013).  In the MCFT method shown in Fig.4, a face of coupon 
shaped glass specimen polished with 1Pm diamond paste is in contact with a micro-channel constructed on a PTFE 
(Teflon®) plate, and a fresh input solution is injected into the inlet of micro-channel at a constant rate.  The injected 
solution flows through the micro-channel reacting with the glass to the outlet, and the outlet solution is retrieved at 
certain intervals to be analyzed for determination of dissolution rate of each glass constituent element at each 
sampling.  After the test, the glass specimen removed from the micro-channel reactor is subjected to surface 
analysis.  Consequently, the MCFT method has the following features, 1) any controlled constant solution condition 
can be provided over the test duration, 2) the glass surface area actually reacting with solution can be determined 
accurately, 3) a relatively high S/V ratio can be provided by use of micro-channel in spite of using coupon shaped 
glass specimen, 4) direct and totally quantitative analyses of the reacted glass surface can be performed for 
confirming consistency of the test results, 5) the test apparatus is simple with compact size and easy operation to 
allow a flexible setup of test conditions.  These features can improve preciseness and consistency of the data on the 
glass dissolution rate. 
An example of the test results is shown in Fig.5 where the initial dissolution rate, r0, measured by use of MCFT 
method for a Japanese reference glass P0798 is plotted as a function of pH and temperature in comparison with that 
measured by use of SPFT method (Inagaki et al. 2012).  The results indicate certain differences between the MCFT 
results and the SPFT results, i.e., the MCFT results show a “U-shaped” pH dependence though the SPFT results 
show a “V-shaped” one, and the MCFT results also show higher values of r0 at basic pH from 8 to 10.  Some  
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Fig.4. Schematics of Micro-channel flow-through (SPFT) test method (Inagaki et al. 2012). 
 
potential reasons can be proposed for interpreting the difference in the data between the two methods, and the most 
likely one is an error in determination of the glass surface area for the SPFT test.  In the SPFT test using powdered 
glass specimen, the glass surface area decreases as the glass dissolution proceeds, which can lead to an 
underestimation of the glass dissolution rate.  If the glass dissolution rate is fast at higher temperature and acidic or 
basic pH, the decrease in glass surface area is estimated to be large enough to cause a certain underestimation of the 
glass dissolution rate.    
Another example of the test results is shown in Fig.6 where r0 of International Simple Glass (ISG, which is a 
six-component alumino-borosilicate glass developed as a reference benchmark glass for six-nations collaboration 
study on glass dissolution/corrosion mechanisms) measured by use of MCFT method is plotted as a function of pH 
and temperature in comparison with that of P0798 glass (Inagaki et al. 2013).   The results indicate significant 
differences between the ISG and P0798 glasses, i.e., the r0 of ISG shows a “V-shaped” pH dependence with a 
minimum at pH4, though P0798 glass shows a “U-shaped” pH dependence with a minimum at pH6.  The 
mechanism to account for the differences between the ISG and P0798 glass is currently uncertain.  However, the 
kinetic evaluation based on precise and consistent measurements can provide useful information to understand 
corrosion mechanisms.  As an example, Fig.7 shows the apparent activation energy, Eact, for the initial dissolution 
or forward dissolution rate of ISG as a function of pH, which is evaluated from Arrhenius plot of the r0 shown in 
Fig.6, in comparison with that of P0798 (Inagaki et al. 2013).   The results indicate that the Eact for P0798 is very  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.5. Initial dissolution rate, r0, as a function of pH and temperature measured by use of MCFT method for P0798 glass in comparison with that 
measured by use of SPFT method (Inagaki et al. 2012). 
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Fig.6. Initial dissolution rate, r0, as a function of pH and temperature measured by use of MCFT method for International Simple Glass (ISG) in 
comparison with that for P0798 glass (Inagaki et al. 2013). 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.7. Apparent activation energy, Eact, for initial dissolution of ISG as a function of pH in comparison with that of P0798 glass (Inagaki et al. 
2013). 
 
close to that for ISG at neutral to basic pH, however, it decreases as pH changes from neutral to acidic, while the 
Eact for ISG is almost constant.  These comparisons suggest that the initial dissolution of P0798 may proceed by a 
different mechanism from ISG at acidic pH.  The Eact of 60-70 [kJ/mol], observed at acidic to neutral pH for the 
ISG and at only neutral pH for P0798 glass, is consistent with that for a surface-reaction controlled-dissolution 
mechanism proposed for dissolution of borosilicate glass and SiO2 polymorphs.  While, the Eact of around 50 
[kJ/mol], observed at acidic pH for P0798 glass, is close to that for a diffusion-controlled dissolution mechanism 
proposed for the residual dissolution of some glasses and for diffusion of water or hydronium ion with ion-
exchange in sodium alumino-silicate glasses.  Therefore, it may be supposed that the initial dissolution of P0798 
glass at acidic pH proceeds controlled partly by the diffusion process, though that of ISG proceeds controlled by the 
surface-reaction mechanism. 
4. Summary and conclusions 
In an aspect of kinetic evaluation, major standard test methods currently applied to measurement of the glass 
dissolution were summarized with their advantages and disadvantages, and problems to be solved are discussed to 
advance the kinetic evaluation.  For further evaluation of glass dissolution kinetics, we need much more data on the 
glass dissolution rate measured precisely, consistently and systematically under various well-constrained test 
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conditions, and we should improve or develop the test method continuously to provide the data available for further 
evaluation. 
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